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ABETRACT

The high temperature thermodynamic data obtzined on
ternary carbides having the sodium-chloride type structure
have been correlated with the bonding and mechanical proper-
ties of these carbides. The metal-metal bonding on the
mscal sublattice in the carbide is the same as in the binary
body-centered cubic metals. The variation of the carbon-
carbon interaction energy and the metal-carben interaction
energy indicates that the metal-carbon bonds are localized
bonds. From the variation of the difference in metal-carbon
interaction energy with composition the compressibility of
the carbides at elevated temperature can be calculated. The
values are in excellent agreement with values derived from

room temperature mechanical properties measurements.
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IRTRODUC "ION

in a previous paper,l Hoch has investigated the binary
palrwise interaction energies in cempsunds having the scdium-
chloride type structure. As pointed out in that paper, the
energies show a certain regualarity. The values for zirconium,
hafnium, and niobium carbide are reproduced here in Table I
together with the values of uraniom carbide derived 1ater.2
The nomenclature is changed scomewvhat so that 1 refers to
zirconium, 2 to hafnium, niobium, ¢z uranium, and 3 to carbon.

In subsequent papers, Jun and Hoch,3 Hapxse and Hoch,4
and Yamauchi and Hoch5 have studied the activities of the
components in the sinzle phase NaCl type structure in zirconium-
niobium—carbon,3 zirc&nium—uranium~carbon,4 and zirconium-
hafnium-’carbon,5 #ad Trom these data derived the pairwise
interaction energies or their differences between the various
atoms. The pres:: * paper will attempt an interpretation of
the thermodynawic results based on pairwise bonding between
atoms and will calculate the compressibility from :l.e thermo-
dynamic measurements.

The paper of Jun and Hoch3 indicated that the carbon-

carbon interaction energy in the ternary zirconium-niobiurm-

carbide varied parabolically with composition:

E33 = 15,62+9.37x-29.50(1-x)x kcal/mole.
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Thiz already has indiceted that the bonding is very locali-ed
in the system because to cbiain this type of variation with
composition, one must have carbon utoms attached to niobium,
and carbon atoms attached to zirconium.3

The model used for the statistical thermodynamic

12,13

derivation has been discussed earlier; it will only

be summacized here. The standard state for all the elament

is the pure, condensed element at the temperature in question.

The atoms ars Zistributed randomly over the availablie sites;
this is equivalent to the regular solution. However, the
error due to this in obtaining the interaction parameters
is very small. By assuming first ordered, then randomly
distributed atoms, thc: pairwise interaction energy changed
only 10% in the case of NbO,12 The grand partition function
was set up with pairwise interaction energies Eij which
are independent of composition.13 It is possible to
introduce correction terms into the grand partition function
of the form Eijk (this is the energy term correcting the
Eij energy when an atom k is present next to the ij bond),
or of the form Eijki (correction terms to the Eij energy
when a bond ki is next to the ij bond). This way the Eij
can be made composition dependent. This has been done in
the case of tantalum-hydrogen system.12

The model neglects the small amount of Schottky defects
present and therefore it is only valid when 1~y>>¢, §

being concentration of Schottky defects.




EXPERIMENTAL RESULTS AND DISCUSSION

The metal-metal interaction erergy on the metallic sub- 3
lattice was determined in three cases and also was calculated %

from the binary metal phase diagrams. The data are given in

PR

Table II. 1In Table II, the metal to metal distances in pure

s

elements as calculated from Darken and Gurry6 and those in

the carbides as determined in the previous investigations are
given. Table II shows that the metal-metal distance in the
carbides is about 10% larger than the metal-metal distance in
the pure b.c.c. metals. Alsc, the metal-metal interaction
energy on the metal sublattice in the carbide is 2 kcal/mole
larger than that in the b.c.c. metal phase.

This difference of 2 kcal/mole can be attribu-ed to the
transformation of the b.c.c. structure to a f.c.c. structure
and mostly to the expansion of the metal-metal distance.

Thus, one can conclude that the metal to metal bonding in the
carbides is the same as in the pure metallic systems.

i One «f the results of the previous investigation53'4'5

£ was that the value of [E13~E23], the bonding difference
between zirconium-carbon bond and the other metal-carbon bond,
is not constant, but varies linearly with composition. The
equations obtained for [El3-E233 are given in Table III. The
variation of the metal-carbon interaction energy difference
with composition again suggests that one has to deal with

localized metal to carbon bonds which as the composition

‘;‘ S :;‘_;__-.‘*.4_ e w7 NPT
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changes get compressed or expanded.




To explain the behavior of the carbides, one will have
| to look at an energy potential-distance diagram of a metai-
carbon bond, as is shown in Figure 1., If the latticc param-
eter of the various carbides, and thus the amount of com-
pression or expansion of each metal-carbon bond is not too
great, one can restrict himself to the bottom of the potential
well, and he can express the two interaction energies para-

bolically as follows:

-]

2
13 = Gy (r-ry) +E 4 (1)

E

]

- - 2
E23 = az(r r2) +E23 (2)

where E;3 and E;3 are the metal-carbon interaction energies

in the binary carbides, ry and r, are the metal-carbon dis-
tances in the binary carbides, and r is the average metal-
carbon distance in a ternary carbide (obtained from lattice
parameters), and E13 and E23 are the metal-carbon interaction
energies in the ternary carbide. ay and a, are the compressi-
bilities of the two carba les, [E13-E23] would be the difference
between the equations (1) and (2). As the compressibilities
cf the carbides are not too different at room temperature

(see Table III), it can also be assumed that they are not too
much cifferent at 2500°X, and thus, in first approximation,

ay T oo, = oo So we finally obtein:

o

-] .
E13~E23 = cx(rz—rl){2r-—(rl+r2)]+E13 E23. (3}
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The lattice parameters in the ternary carbides at constant

carbon content vary linearly with metal composition3'4'5

r = r +x(r,-r,). (4)
Combining equations (3) and (4),
-E.,, = E..~Eo.-2a(r,-r,) 2 (x-0.5 (5)
Ey37Ey3 = By37Ey3-20(ry=ry) " (x-0.5).

This equation indicates that [Ela_E23] should be equal to
(E;3-E;3] when x = 0.5. These values are calculated in
Table IV from the thermodynamic data on ternary carbides in
Table III, and also calculated from binary data in Table I.
In using the data in Table I, it is assumed that E3+B33 is
the same in all of the carbides investigated. 33+B33 is the
energy required to take a carbon atom from its standard state
(graphite), put it on the carbon suklattice, and then have
the carbon atoms interact pairwise with each other. The
agreement between the two values is good.

The value of a, which is related to the compressibility
of the carbide, can now be calculated from the variation of
{El3~E23] with composition.

a can also be calculated, using the method of SIater,7
to treat the cohesive energy of the metals. According to

Slater,7

a = NQ c rO(Q/Z)P {6)

.
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where Nc is Avogadrc's number; c is a constant, such that the
volume per molecule is ¢ rg and ¢ = 2 in the ¥aCl type struc-
ture; r, is the nearest-nsighbor distance; and P is the bulk
modulus or P = 1/8 where 8 is the compressibility. The
results of the calicunlations are shown in Table V by usi-g
equation (5) and the valuez in Table III.

Looking at Table V-B, one sees that a is almost the same
for all the carbides used¢ in the present investigation; thus,
the assumption @, =0, =a used earlier seems to be justified.
It must be kept in mind that the values of a derived in Table
V-B are obtained from data at room temperature and were carried
out on polycrystalline materials. The values obtained in Table

V=-A from the thermodynamic data are at 2500°K and represent

values for single crystals.

The value of a in the zirconium-hafnium-carbon system is
very high. This is due to the very swmall difference in inter-
atomic radii, where a small error can effect the value of a
greatly.

The values obtained from thermodynamic measurements and
from room temperature compressibility are of the same order
of magnitude. The average value of o for zirconium and
niobium carbide is 8 and compares with the value of 5.6 ob-
tained from high temperature thermodynamic measurements.

Similarly, the average value for zirconium-carbon and uranium-
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carbor is 5.9, comparing with 4.8 cbtained from high tempera-
ture thermodynamic measurements. The value in the Zr-Hf-C
systel\ of 43.5 for a can be disregarded because in caiculat-
ing E,o-E)3 @ (rl - r2)2 is very small, giving a very
uncertain valuwe. It is possible to draw a line through

the experimental points and determine ElZ-E13 in such a
fashion that the composition dependent term becomes zero.

The compressibility increases with increasing tempera-
ture, and thus, o should decrease. This is found in the
values in Table V where the thermodynamic values (at 2500°K)
are lower than the room temperature compressibility values.

The only comparison available is that with the results
of Speck,8 who measured elastic constants of polycrystalline
Nbco.97 having 94% theoretical density. At room temperature,

12

the compressibility was 3.05x10 dyn/cmz. (The latter

21 2

corresponds to a = 5.3x10°" cal/cm“mole.) These data
decrease more rapidly with temperature than the thermo-

dynamic data of Table V-A would indicate.
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TABLE I

Energy Terms in Binary Carbides

E33 E3+E13+E33

Material kcal/mole kcal/wole
ZrC 28,13, ~35.2¢ 4,
HfC 15.:8. -47. $10.

uc ¢ -28.1% 1.6
NbC 15.2:2.5 -28.6% 2.5

b et a0 rRearr S



TABLE II
A. Metal-Metal Interaction Enexgy [E,, - %(Euwzz)]
in Binary Body-Centered Cubic Metal Allcys
and on the Metal Sublattice in Ternary Carbides

-1
E12 z(Ell+E22) kcal/mole

f.c.c. carbide difference

s A o Ve o 1 o s m 4am wime s

System b.c.c. metal sublattice carbide-metal
Zr-HE-C 20 1.86%0.3 1.86%0.5
Zx-U-C 4.41002 6~7 i0.6 2.30*0.8
Zr"Nb-C 4.91003 6.5 1003 l.60t0.5

Avg: 1.92:0.6

B. Metal-~Metal Distance in Body-Centered Cubic Metals

and Face-Centered Cubic Sublattice in Carbides

Distance in &
f.c.c. carbide difference

System b.c.c. metal sublattice carbide~-metal
2r 3,11 3.32 .21
HEf 3.07 3.29 .22
Nb 2.86 3.17 .31
U 3.00 3.52 .52

Avg: .31t.10
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TABLE III

Dependence on Composition of {213-323] in Ternary Carbide

System
Zr-Nb-C El3-E23 = (1.08x0.11)~(16.15%0,.44)x kcal/mole

2r-U~-C El3°E23 = (8.5%0.05)-(23.610.2)x kcal/mole

10

amr e meme———




System

Zr-Nb-C
2xr-U-C
Zr-Hf-C

TABLE IV

Calculation of 313-E;3 in Ternary Carbides

(-] -]
Ela'E23 kcal/mole

Data from Table IIX Data from Table I
at x = 0,5 [E3-313+E33]-[E3+E23+E33]

E137E,3
-7.000.5 -6.6% 5
-3.3 $0.2 -7.1% 4.5
+5.5 £0.8 11.8+10.8

11
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TABLE V

Evaluation cf a

A. From Thermodynamic Data at 2500°K

E System Slope (kcal/mole) (rl-rz)2 82 a0t cal/cmzmole)
Zr’Nb“C -1601 0-0144 SGG
2xr-U-C ~23.6 0.0169 4.8
Zr-Hf-C -7.8 0.0009 43.53

B. From the Compressibility
a =N, cr (9/2)(1/8)

f System P = (1/8)(1012 dyn/cmz) ro(R) a(lO21 cal/cmzmole)
2rc 2.2(%) 2,35 7.0

NbC 3.00 (10 2,23 9.0

uc 1.4 2.48 4.7

HEC 2.4210) 2.32 7.5

12
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Fig. 1.

Schematic Potential~Distance Curves
for Two Metal-Carbon Bunds

13

e e = g
oy



A

o T P TSR VA ASRS

BRI s e e,

11.
12.

13.

REFERENCES

M. Hoch, Phase Stability in Metals and Alloys., Eds.
P. S. Rudman, J. stringer and R. 1. Jaffee, McGraw Hill
Book Co., New York, 1967, p. 419.

M. Hoch; E. F. Juenke and L. H. Sjodahl, Thermodynamics
of Nuclear Materials, 1967, International Atomic Energy
Agency, Vienna, 1968, p. 497.

M. Hoch and C. K. Jun, "Thermodynamic Properties of
Ternary Refractory Carbides, I. 2irconium-Niokium-
Carbon," Air Force Materials lLaboratory, Wright-
Patterson Air Force Base, AFML-TR-69-209, Part I,
October 1969.

M. Hoch and M. G. Hapase, "Thermodynamic Pioperties of
Ternary Refractory Carbides, II. 2Zirconium~Uranium-
Carbon," Air Force Materials Laboratory, Wright-Patterson
Air Force Base, AFML-TR-69-209, Part II, October 1969.

M. Hoch and S. Yamauchi, "Thermodynamics Properties of
Ternary Refractory Carbides, III. Zirconium-Hafnium-
Carbon," Air Force Materials Laboratory, Wright-
Patterson Air Force Base, AFML-TR-69-209, Part III,
October 1969.

L. S. Darken and R. W. Gurry, Physical Chemistry of
Metals, McGraw-Hill Book Co., New York, 1953, pp. 50-56.

J. C. Slater, Introduction to Chemical Physics, McGraw-
Hill Book Co., New York, 1939, pp. 390-395.

D. A. Speck, Cer. Bull.48, 397 {1969).
R. Chang and L. J. Graham, J. Appl. Phys. 37, 3778 (1966).

H. L. Brown, P. E. Armstrong and C. P. Kempter, J. Chem.
Phys. 45, 347 (1966).

C. P. Kempter, J. Less-Common Metals 10, 294 (1966).

M. Hoch, A. 8. Iyer and J. Nelken, J. Chem. Phys. 23,
1463 (1962).

M. Hoch, Trans. Maet. Soc¢. 236G, 138 (1944).

14




UNCLASSIFIED

Secudtx Classificution

- PR el m”“cr}

DOCUMEMT CONTROL DATA-R&D

(Sacurity classification of title, body of abatract and indexing annotetion muat be entered when tha overall report ls classified)

1. ORIGINATING ACTIVITY (Corporate auther) 2%, REPORT SXCURITY CLASSIFICATION

Air Force Materials Laboratory ¥

Wright-Patterson AFB, Ohio b, group

3 REPORY TITLE

Thermodynamic Properties of Ternary Refractory Carbides
IV. Relations Between Thermodynamic Properties, Bonding, and Compressibility

4. DESCRIPTIVE NOTES (Type of report and Inclusive dates)

RI 8 WOIK .
name, middle initiai, last name)

8. AUTHORI(S) (Firet

M. Hoch and S. Yamauchi

6 REPORT DATE 78. TOTAL NO. OF PAGES 75. NO. OF REFS

December 1969 14 13

84, CONTRACT OR GRANT NO.

F33615-67-C-1565

b, PROJECT NO.

92, ORIGINATOR'S REPORT NUMBER(S)

7360
c, ob. OTHER REPORT NOI(S) (Any other numbers that may be assigned
this report)
. AFML-TR-69-209 Pt IV

10, DISTRIBUTICN STATEMENT

This document hae been approved for public release and sale; its distribution
is unlimited.

1V SUPPLEMENTANMY NOTES 12. SPONSORING MILITARY ACTIVITY

Air Force Materials Laboratory

Air Force Systems Command
Wright-Patterson AFB, Ohio

13 ABSTRACT

The high temperature thermodynamic data obtained on ternary carbides having the
sodium-chloride type structure have been correlated with the bonding and mechanical
propetties of these carbides. The metal-metal bonding on the metal sublattice in
the carbide is the same as in the binary body~centered cubic metals. The variation
of the carbon-carbon interaction energy and the metal-carbon interaction energy
indicates that the metal-carbon bonds are localized bonds. From the variation of
the difference in metal-carbon interaction energy with composition the compress-
ibility of the carbides at elevated temperature can be calculated. The values are
in excellent agreement with values derived from room temperature mechanical
properties measurements.

DD !Fr?oayu% 473 UNCLASSIFIED

Secunty Clesstficotion

or




SRV

SRR

IR

R

UNCLASSIFIED

Security Classification

4. KEY WORDS LINX A LiNK B LINK €
ROLY wT ROLE wT ROLE T
carbides, zirconium, niobium, hafnium, uranium,
thermodynamics, activity, compressibility and
elastic modulus.
UNCLASSIFIED

Secueity Cleesihication




